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The arctic forest-tundra ecotone, which links species communities of the boreal forest with 27 
those of the arctic tundra, is expected to respond swiftly to climate change with a profound 28 
reduction of tundra as the dominating scenario. With its circumarctic expanse and up to 29 
several hundred kilometres in width, the zone occupies a large part of the vegetated surface at 30 
high latitudes. Relocation and structural changes of the ecotone vegetation will affect not only 31 
plant but also animal and other biological diversity. A large number of arctic species are 32 
dependent on the forest-tundra ecotone in terms of food and habitat during parts of their life 33 
cycle or annual migration. In the ‘Arctic Species Trend Index’, developed to provide trends in 34 
arctic vertebrates, more than half of the species and data are from the forest-tundra ecotone. 35 
However, in assessments of arctic biodiversity, only the northernmost tundra-dominated areas 36 
of the ecotone are included. This is unfortunate and somewhat problematic since the treed part 37 
that serves as a source of seeds for new seedlings and saplings in the tundra-dominated part is 38 
excluded. This inconsistency hampers monitoring efficiency and biodiversity conservation 39 
efforts. During the International Polar Year, a large international research project on the 40 
forest-tundra ecotone established numerous sites around the circumpolar north where causes 41 
and consequences of vegetation change were analysed. This network of sites and data forms 42 
an excellent basis for necessary monitoring of the spatial and temporal complexity of forest 43 
encroachment into tundra and its relation to arctic biodiversity. 44 
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Arctic and subarctic vegetation including the forest-tundra ecotone (FTE; i.e. the transition 50 
zone from boreal forest to treeless tundra) has undergone large changes over past post-glacial 51 
millennia and over recent centuries and decades with further and more pronounced changes 52 
predicted for the current century (ACIA 2005). An increasing number of studies from the 53 
circumarctic have shown evidence of changing arctic ecosystems in response to recent climate 54 
change (ACIA 2005; IPCC 2007; CAFF 2010; Callaghan et al. 2011. A consistent major 55 
concern regarding threats to arctic terrestrial biodiversity, as stated in both individual 56 
scientific papers and assessments, is tree and shrub encroachment of the tundra (e.g. ACIA 57 
2005; Chapin et al. 2005; Tape et al. 2006). Some models project that the FTE will advance 58 
north by as much as 200-600 km by the end of current century, resulting in a mean loss of 40-59 
50% of the current tundra habitats at the circumarctic scale (ACIA 2005; Callaghan et al. 60 
2005; Kaplan and New 2006). Although these rates are not supported by empirical data 61 
(Lloyd 2005; Van Bogaert et al. 2011; Hofgaard et al. 2012), tundra habitats and biodiversity 62 
are being affected by local, regional and global pressures including tree and shrub 63 
encroachment.  64 
 The current and potential vegetation change of the FTE will impact many arctic 65 
species within and north of the FTE including non-resident animals that are dependent on the 66 
FTE for food and habitat during parts of their life cycle or annual migration. Although more 67 
than half of the arctic vertebrate species in the ‘Arctic Species Trend Index’ (CAFF 2010) 68 
inhabit the forest-tundra ecotone, assessments of arctic biodiversity exclude most of the FTE. 69 
This inconsistency hampers monitoring efficiency and biodiversity conservation efforts. In 70 
this paper we outline the role of the circumarctic FTE for arctic terrestrial biodiversity, and 71 
discuss implications of FTE change and the need for site-based FTE monitoring at the 72 
circumarctic scale. 73 




Diversity across the forest-tundra ecotone  75 
The circumarctic FTE is a complex region-wide boundary where latitudinal and altitudinal 76 
gradients in environment, land use, vegetation, and biodiversity undergo major changes 77 
(Blüthgen 1970; Callaghan et al. 2002a). With its circumarctic expanse and up to several 78 
hundred kilometres in width, the FTE not only occupies a large part of the vegetated surface 79 
at high latitudes, but also encompasses a large variety of abiotic and biotic environments 80 
(Callaghan et al. 2002a). This environmental diversity provides living space for a diverse 81 
assemblage of organisms adapted to alternating arctic and boreal conditions characterizing the 82 
ecotone. Accordingly, relocation and/or structural changes of the FTE vegetation will most 83 
likely affect not only resident plant diversity but also animal and other biological diversity 84 
utilising the zone in a resident, migrational or episodic manner.  85 
In general the FTE is characterised, from south to north, by a decrease in temperature, 86 
vegetation cover, soil organic matter, and nutrient stock as well as an increase in unoccupied 87 
space and periglacial processes (Holtmeier 2003). However, geologic, topographic, 88 
anthropogenic, ecological and climatic factors cross-cutting at local or regional scales have 89 
produced the structural diversity seen along the circumarctic FTE (Holtmeier 2003). This 90 
diversity is characterized by differences in both the dominant tree and shrub species, and the 91 
vegetation structure across the transition from forest to treeless tundra. Structural 92 
characteristics include diffuse and abrupt transitions, and the presence or absence of tree 93 
islands and krummholz (Holtmeier 2003; Harsch and Bader 2011). The heterogeneity of the 94 
FTE provides different macro and microhabitats which support a variety of organisms from 95 
soil microorganisms that specialize in particular habitats to animals with large ranges that 96 
require different habitats for forage and shelter. For example, animals typically associated 97 
with forested areas such as corvids, golden eagle, lynx, wolverine and red fox frequently use 98 
Hofgaard, Harper, Golubeva      30 May 2012 
5 
 
the FTE and the tundra to search for food and occasionally for breeding, and animals 99 
associated with tundra such as lemmings and caribou/reindeer periodically or annually forage 100 
in the FTE (Post et al. 2009; Killengreen et al. 2011).  101 
Ecotones are known for their relatively high diversity (Harris 1988) since they contain 102 
potential habitat for species from both adjacent ecosystems. However, the concept is highly 103 
scale dependent and evidence for this general pattern of greater diversity at transitions 104 
between species communities can be weak (Walker et al. 2003; Shrestha and Vetaas 2009). 105 
Studies of species diversity across or within the FTE are scarce and most are from the alpine 106 
environment in temperate regions rather than the arctic. The general trend with decreasing 107 
species diversity towards high latitudes or altitudes (Young 1993; Kernaghan and Harper 108 
2001; Callaghan et al. 2004; Vittoz et al. 2010) makes the FTE an indistinct species boundary. 109 
A general decrease in species diversity across the FTE and into the Arctic for many terrestrial 110 
fauna groups (Chervov 1995) is accompanied by a strong nutrient and productivity gradient 111 
(Callaghan et al. 2004). However, there is lack of evidence for a causal connection between 112 
latitudinal decrease in species diversity and productivity (Rohde 1992). Indeed some species 113 
groups with high frequency in the FTE show a reversed latitudinal trend, such as willows, 114 
wasps, sawflies, aphids and peatland birds, which has been related to habitat heterogeneity 115 
(Kouki 1999). 116 
Generally the species diversity and turnover at FTE displays evidence of a broad 117 
transition zone (Hofgaard 1997a; Weckström and Korhola 2001) corresponding to landscape 118 
heterogeneity caused by the gradual change in tree cover (Doležal and Šrůtek 2002; Camarero 119 
and Gutiérrez 2002; Hofgaard and Wilmann 2002; Camarero et al. 2006; Bowden and Buddle 120 
2010) but without strong correlation with any specific altitude or structural limit within the 121 
zone (e.g. forest line, tree line or krummholz line) (Hofgaard 1997a; Batllori et al. 2009). 122 
There are several reasons for the lack of correspondence between biodiversity and particular 123 
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physical structures including the dynamic character of FTE, longevity of its characteristic 124 
species, and inertia processes (Holtmeier 2003; Payette and Delwaide 2003). Although there 125 
is restricted direct evidence of greater diversity within the FTE, the importance of the FTE to 126 
actic biodiversity can be inferred from large scale vegetation patterns in terms of both species 127 
and habitat diversity. As a gradient of decreasing tree and shrub density as well as a mosaic of 128 
patches of forest, trees, shrubs and tundra at different scales (Payette et al. 2001; Humphries 129 
et al. 2007; Harper et al. 2011), the FTE provides a variety of microhabitats with the potential 130 
of high biodiversity at a landscape scale. 131 
 132 
Drivers of change 133 
The forest-tundra ecotone is never in equilibrium with its abiotic environment due to 134 
the stochastic nature of natural and anthropogenic disturbance regimes and a recovery to pre-135 
disturbance conditions cannot be expected (Hofgaard 1997b; Payette 2007). The gradual 136 
biodiversity change seen at a large scale FTE perspective might as a consequence be obscured 137 
when studied at smaller scales. This obscurity is also enhanced by the multitude of abiotic and 138 
biotic FTE drivers acting at a large number of temporal and spatial scales (Figure 1). 139 
 Temperature is generally considered the main driver of FTE recruitment and growth 140 
processes (Körner 1998; Grace et al. 2002; Holtmeier 2003), but this perspective is too 141 
simplistic in the context of ecotonal change (Sveinbjörnsson et al. 2002). Temperature 142 
changes may have immediate impacts on plant growth, yet responses in recruitment and 143 
establishment are site-specific and often not immediately responsive to increased temperature 144 
(Sveinbjörnsson et al. 2002; Aune et al. 2011; Holtmeier and Broll 2011; Walker et al. 2012). 145 
The structural diversity and pattern of the zone mediated through recruitment, growth and 146 
mortality is to a large extent driven by winter climate conditions other than temperature 147 
(Lavoie and Payette 1992; Harsch et al. 2009; Harsch and Bader 2011; Harper et al. 2011; 148 
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Mathisen and Hofgaard 2011) and biotic interactions such as herbivory (Cairns and Moen 149 
2004; Olofsson et al. 2009). Wind and snow distribution constitutes a main structuring force 150 
to subarctic vegetation distribution, including trees and shrubs (Kullman 1986, 1998; Lavoie 151 
and Payette 1992; Schaefer and Messier 1995; Camarero et al. 2000; Alftine and Malanson 152 
2004; Dalen and Hofgaard 2005; Holtmeier and Broll 2010; Harper et al. 2011) along with 153 
chronic and episodic abiotic and biotic disturbance regimes (Tenow and Bylund 1989; Payette 154 
and Delwaide 2003; Boudreau and Payette 2004; Jepsen et al. 2008; Aune et al. 2011; 155 
Trindade et al. 2011). If released from current pressures (abiotic or biotic) the current tundra 156 
dominated part of the FTE may change to patch forest (through increased growth and/or new 157 
recruitment) and subsequently change to forest if enhanced environmental conditions prevail 158 
(Kullman 1986; Weisberg and Baker 1995; Hofgaard 1997b). However, the responses are 159 
likely highly scale dependent and site specific (Harper et al. 2011). 160 
 161 
Implications of change in the forest-tundra ecotone and the need for monitoring 162 
On-going global change with warming temperatures at high latitudes is predicted to result in 163 
northward forest expansion within the current FTE and northward movement of the FTE 164 
(Epstein et al. 2004; Chapin et al. 2005; ACIA 2005; IPCC 2007). Implications for these 165 
shifts in forest cover throughout the circumpolar north include altered biodiversity in the FTE 166 
and current Low Arctic as well as climatic and socioeconomic consequences (Callaghan et al. 167 
2002a; Vlassova 2002). The climate sensitive FTE vegetation provides essential feedbacks to 168 
the regional and global climate through energy partitioning, carbon storage, and carbon 169 
sequestration (Betts 2000; Harding et al. 2002; Hyvönen et al. 2007; McGuire et al. 2009; 170 
Tarnocai et al. 2009; Swann et al. 2010). In particular increased tree cover by non-deciduous 171 
species can decrease regional albedo of currently tundra-dominated areas and thus offset 172 
expected negative radiative forcings (Hyvönen et al. 2007; IPCC 2007). Accordingly, changes 173 
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in this zone will have profound environmental effects beyond its own region with both direct 174 
and indirect effects on Arctic biodiversity (Harding et al. 2002; Callaghan et al. 2004; Chapin 175 
et al., 2005).  176 
The lack of distinct separation between Arctic and sub-Arctic species assemblages and 177 
their dependence on the FTE for food and/or habitat calls for consideration of effectual 178 
monitoring of the FTE at relevant scales that allow for regional variation in dominating 179 
drivers and processes. In general, ecotones are considered sensitive to global climate change 180 
(Risser 1993). The projected swift response of the FTE and subsequent implications has 181 
repeatedly been quoted in the scientific, management, and political literature over the last 182 
decades including assessment reports (ACIA 2005; IPCC 2007). Despite its relevance to both 183 
the global climate and arctic biodiversity comprehensive coordinated monitoring strategies 184 
are lacking for the FTE. Monitoring of biogeographical and structural changes in the FTE is 185 
essential for biodiversity in general and for providing empirical-based estimated rates of 186 
change.  187 
Current biodiversity monitoring within the FTE is largely species-based with limited 188 
inclusion of recorded variables related to change of the FTE itself. In the ‘Arctic Species 189 
Trend Index’, developed to provide trends in arctic vertebrates, a majority of the species and 190 
data sites representing the terrestrial environment are from the FTE (CAFF 2010). However, 191 
inclusion of the FTE in recommendations for monitoring efforts has focused almost 192 
exclusively on northernmost tundra-dominated part of FTE. South of the FTE boreal forest 193 
research focuses on the merchantable portion of the boreal forest. As a consequence the 194 
southern tree-dominated part of FTE makes up a ‘no man’s land’ regarding field-based 195 
monitoring. This is unfortunate as change of this part of the ecotone, composed of scattered 196 
forest patches and tree aggregations, will likely have the most pronounced effect on 197 
biodiversity and the global climate through vanishing habitats (infilling processes, Harper et 198 
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al. 2011) and feedback mechanisms (Harding et al. 2002). This treed part of the zone serves as 199 
habitat for arctic wildlife and a source of seeds for new seedlings and saplings in the tundra-200 
dominated part.  201 
Central to the prediction of forest expansion is an increase in the reproductive capacity 202 
and establishment of new trees throughout the forest-tundra ecotone (Sirois 2000; Hofgaard et 203 
al. 2009; Tremblay and Boudreau 2011). However, the reproduction capacity naturally 204 
decreases northward from the subarctic forest towards the Arctic tundra due to a shorter and 205 
cooler growing season (Black and Bliss 1980; Hadley and Smith 1986; Sirois 2000; 206 
Sveinbjörnsson et al. 2002), and thus emphasizes the importance of the southern part of FTE. 207 
Consequently, a geographically widened monitoring approach incorporating both the 208 
latitudinal and longitudinal expanse and response variation of FTE would be desirable. 209 
Without this approach the relevance of, for example, the ‘Arctic Species Trend Index’ will be 210 
limited, since the trends provided by the index are closely related to changes in the southern 211 
treed zone of FTE. The dependence of arctic biodiversity on conditions outside the Arctic and 212 
the interplay between a multitude of drivers in shaping arctic biodiversity has been 213 
emphasized (CBMP 2008), but a holistic view of the role of the FTE is lacking. 214 
 215 
Need for site-based monitoring 216 
Much of the circumpolar FTE is remote with difficult or low accessibility. Remote sensing 217 
from air- and space-borne platforms can, therefore, be a significant tool in monitoring changes 218 
in FTE structural diversity. At a regional to circumpolar scale a resolution between 30 and 219 
100 m is most commonly used due feasibility when large geographical areas are covered 220 
(Ranson et al. 2011). At this low resolution, individual trees cannot be recognized. Thus, 221 
resolution and classification problems can create unrealistic map- and model products 222 
regarding both current tree or forest distribution and the rate of change. Deviation between 223 
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low resolution map products and ground-based products can be large, and if translated to a 224 
temporal scale in the order of predicted decadal to century scale changes. For example the 225 
circumarctic FTE tree cover mapping by Ranson et al. (2011) plots dense forests in current 226 
tree island regions (e.g. the northern Mackenzie region in Canada) and no forest in forested 227 
regions (e.g. northern Scandinavia). Data from ground-based studies provide a different story 228 
for tree cover in these regions (Walker et al. 2012; Hofgaard et al. 2012). This calls for site 229 
based monitoring in combination with remote sensing based monitoring (Mathisen et al. 230 
2012). Site-based knowledge is fundamental to understanding intra- and inter-regional 231 
variation in causes of the current characteristics and dynamics of FTE. This site-based 232 
knowledge of diversity-driving processes across and along the FTE is needed both for 233 
enhanced understanding of its current status as well as for the development of better 234 
predictions of FTE responses to global changes and subsequent implications for arctic 235 
biodiversity. Successful site-based monitoring of the circumactic FTE needs to address the 236 
present location, characteristics and complexity of the boundary in a systematic manner, 237 
which requires approved definitions and concepts, as well as consistent techniques for 238 
measurements and experiments (Callaghan et al. 2002a).  239 
During the International Polar Year (IPY; www.ipy.org), the last decade’s largest 240 
internationally coordinated research activity, attention was directed to the Earth’s polar 241 
regions. Under the auspices of IPY the project PPS Arctic (http://ppsarctic.nina.no), a 242 
multidisciplinary international research network, explored processes, changes, and 243 
spatiotemporal variability of biotic and abiotic drivers of change in the FTE with numerous 244 
sites around the circumpolar north (Figure 2). This network of sites and aggregated data forms 245 
an excellent basis for necessary monitoring of the spatial and temporal complexity of forest 246 
encroachment of tundra and its relation to arctic biodiversity. PPS Arctic uses common 247 
protocols based on principles endorsed by the International Arctic Science Committee (IASC; 248 
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www.iasc.com) and provides circumarctic coverage for global change impact studies. The 249 
endorsed principles are funded in conceptual models (Hofgaard 1997b; Callaghan et al. 250 
2002a, 2002b; Holtmeier 2003; Payette 2007) specifying links between drivers of change, 251 
functional processes and focal ecosystem components.  252 
 253 
Concluding remarks 254 
The expectation of a swift response of FTE to climate warming is based on fairly simple 255 
global vegetation models that relate the position of the ecotone to the local climate. However, 256 
nature responds in a complex manner to climatic or other environmental changes. The 257 
multitude of abiotic and biotic drivers all interact in region-or site-specific ways causing a 258 
multitude of responses collectively offsetting modelled predictions. As a consequence, 259 
existing models need to be expanded to include more complex parameterized empirical data 260 
from a variety of sites representing a diversity of geographical and climatic sections of the 261 
circumarctic FTE. The traditional geographical separation between tundra and non-tundra 262 
using a ‘line’ is unfortunate and ecologically inconsistent. This inconsistency hampers goal-263 
oriented monitoring with focus on cause and consequences of change, and how monitoring 264 
targets are mutually linked through ecosystem process relations. A change of the traditional 265 
approach to include and acknowledge the importance the entire FTE would be beneficial to 266 
biodiversity monitoring efficiency, comprehensive understanding of trends in arctic 267 
biodiversity, and biodiversity conservation efforts. 268 
 269 
Acknowledgement 270 
The paper is a product under the International Polar Year (IPY) core project PPS Arctic 271 
(http://ppsarctic.nina.no), and was financially supported by the Research Council of Norway 272 
via the IPY grant 176065/S30 and the Norway-Russia collaboration grant 185023/S50 to AH, 273 
Hofgaard, Harper, Golubeva      30 May 2012 
12 
 
as well as the Government of Canada Program for International Polar Year as part of the 274 
project PPS Arctic Canada to KAH. We are thankful to the PPS Arctic research group for 275 
enthusiastic collaboration. 276 
 277 
References  278 
ACIA. 2005. Arctic Climate Impact Assessment. Cambridge University Press. 1042 pp. 279 
Alftine, K.J., and G.P. Malanson. 2004. Directional positive feedback and pattern at an alpine 280 
tree line. Journal of Vegetation Science 15: 3-12. 281 
Aune, S., A. Hofgaard, and L. Söderström. 2011. Contrasting climate and land use driven tree 282 
encroachment pattern of sub-arctic tundra in Northern Norway and Kola Peninsula. 283 
Canadian Journal of Forest Research 41: 437-449. 284 
Batllori, E., J.M. Blanco-Moreno, J.M. Ninot, E. Gutiérrez, and E. Carrillo. 2009. Vegetation 285 
Patterns at the Alpine Treeline Ecotone: the Influence of Tree Cover on Abrupt 286 
Change in Species Composition of Alpine Communities. Journal of Vegetation 287 
Science 20: 814-825.  288 
Batllori, E., J.J. Camarero, J.M. Ninot, and E. Gutierrez. 2009. Seedling recruitment, survival 289 
and facilitation in alpine Pinus uncinata tree line ecotones. Implications and potential 290 
responses to climate warming. Global Ecology and Biogeography 18: 460-472. 291 
Betts, R.A. 2000. Offset of the potential carbon sink from boreal forestation by decreases in 292 
surface albedo. Nature 408: 187-190. 293 
Black, R.A., and L.C. Bliss. 1980. Reproductive ecology of Picea mariana (Mill.) BSP., at 294 
tree line near Inuvik, Northwest Territories, Canada. Ecological Monographs 50: 331-295 
354. 296 
Blüthgen, J. 1970. Problems of definition and geographical differentiation of the subarctic 297 
with special regard to northern Europe. Ecology and Conservation 1, UNESCO, pp. 298 
11-33. 299 
Boudreau, S., and Payette, S. 2004. Caribou-induced changes in species dominance of lichen 300 
woodlands: an analysis of plant remains. American Journal of Botany 91: 422-429. 301 
Bowden, J.J., and C.M. Buddle. 2010. Determinants of ground-dwelling spider assemblages at 302 
a regional scale in the Yukon Territory, Canada. Ecoscience 17: 287-297. 303 
CAFF. 2010. Arctic Biodiversity Trends 2010 – Selected indicators of change. CAFF 304 
International Secretariat, Akureyri, Iceland. May 2010. 305 
Hofgaard, Harper, Golubeva      30 May 2012 
13 
 
Callaghan, T.V., R.M.M. Crawford, M. Eronen, A. Hofgaard, S. Payette, W.G. Rees, O. Skre, 306 
B. Sveinbjörnsson, T.K. Vlassova, and B.R. Werkman. 2002a. The dynamics of the 307 
tundra taiga boundary: an overview and a coordinated and integrated approach to 308 
research. Ambio Special Report 12: 3-5. 309 
Callaghan, T.V., B.R. Werkman, and R.M.M. Crawford. 2002b. The Tundra-Taiga Interface 310 
and its dynamics: concepts and applications. Ambio Special Report 12: 6-14. 311 
Callaghan T.V., L.O. Björn, Y. Chernov, T. Chapin, T.R. Christensen, B. Huntley, R.A. Ims, 312 
et al. 2004. Biodiversity, Distributions and Adaptations of Arctic Species in the 313 
Context of Environmental Change. Ambio 33: 404-417. 314 
Callaghan, T.V., L.O. Björn, F.S. Chapin III, Y. Chernov, T.R. Christensen, B. Huntley, R. 315 
Ims, et al. 2005. Chapter 7: Arctic tundra and polar desert ecosystems. In Berner, J., C. 316 
Symon, L. Arris, and O.W. Heal (eds.), ACIA: Arctic Climate Impact Assessment. 317 
Cambridge University Press, Cambridge, p. 243-352. 318 
Callaghan, T.V., C.E. Tweedie, J. Åkerman, C. Andrews, J. Bergstedt, M.G. Butler. T.R. 319 
Christensen, et al. 2011. Multi-decadal changes in undra environments and 320 
ecosystems: synthesis of the International Polar Year-Back to The Future project 321 
(IPY-BTF). Ambio 40: 705-716. 322 
Camarero, J.J., and E. Gutiérrez 2002. Plant species distribution across two contrasting 323 
treeline ecotones in the Spanish Pyrenees. Plant Ecology 162: 247-257. 324 
Camarero, J.J., E. Gutierrez, and M.J. Fortin. 2000. Spatial pattern of subalpine forest-alpine 325 
grassland ecotones in the Spanish central Pyrenees. Forest Ecology and Management 326 
134: 1-16. 327 
Camarero, J.J., E. Gutierrez, and M.J. Fortin. 2006. Spatial patterns of plant richness across 328 
treelineeEcotones in the Pyrenees reveal different locations for richness and tree cover 329 
boundaries. Global Ecology and Biogeography 15: 182-191.  330 
CBMP. 2008. Developing an integrated and sustained Arctic biodiversity monitoring 331 
network: The CBMPs five year implementation plan. pp 27, www.caff.is 332 
Chapin III, F.S., M. Sturm, M.C. Serreze, J.P. McFadden, J.R. Key, A.H. Lloyd, A.D. 333 
McGuire, et al. 2005. Role of Land-Surface Changes in Arctic Summer Warming. 334 
Science 310: 657-660. 335 
Chervov, Y.I. 1995. Diversity of the arctic terrestrial fauna. In: Chapin F.S. III and C. Körner 336 
(eds), Arctic and alpine biodiversity: patterns, causes and ecosystem consequences. 337 
Springer, pp. 81-95. 338 
Hofgaard, Harper, Golubeva      30 May 2012 
14 
 
Danell, K., A. Hofgaard, T.V. Callaghan, and J.P. Ball. 1999. Scenarios for animal responses 339 
to global change in Europe’s cold regions: an introduction. Ecological Bulletins 47: 8-340 
15. 341 
Dalen, L., and A. Hofgaard 2005. Differential regional treeline dynamics in the Scandes 342 
Mountains. Arctic, Antarctic and Alpine Research 37: 284-296. 343 
Doležal, J., and M. Šrůtek. 2002. Altitudinal changes in composition and structure of 344 
mountain-temperate vegetation: a case study from the Western Carpathians. Plant 345 
Ecology 158: 201-221. 346 
Epstein, H.E., J. Beringer, W.A. Gould, A.H. Lloyd, C.D. Thompson, F.S. Chapin III, G.J. 347 
Michaelson, et al. 2004. The nature of spatial transitions in the Arctic. Journal of 348 
Biogeography 31: 1917-1933. 349 
Grace, J., F. Berninger, L. and Nagy. 2002. Impacts of climate change on the tree line. Annals 350 
of Botany 90: 537-544. 351 
Hadley, J.L., and W.K. Smith. 1986.9) Wind effects on needles of timberline conifers: 352 
seasonal influence on mortality. Ecology 67: 12-19. 353 
Harding, R., P. Kuhry, T. Christensen, M.T. Sykes, R. Dankers, and S. van de Linden. 2002. 354 
Climate feedbacks at the tundra-taiga interface. Ambio Special Report 12: 47-55. 355 
Harper, K.A., R.K. Danby, D.L. De Fields, K.P. Lewis, A.J. Trant, B.M. Starzomski, R. 356 
Savidge, and L. Hermanutz. 2011. Tree spatial pattern within the forest-tundra 357 
ecotone: a comparison of sites across Canada. Canadian Journal of Forest Research 358 
41: 479-489. 359 
Harris, L.D. 1988. Edge effects and conservation of biotic diversity. Conservation Biology 2: 360 
330-332. 361 
Harsch, M.A., and M.Y. Bader. 2011. Treeline form – a potential key to understanding 362 
treeline dynamics. Global Ecology and Biogeography 20: 582-596.. 363 
Harsch, M.A., P.E. Hulme, M.S. McGlone, and R.P. Duncan. 2009. Are tree lines advancing? 364 
A global meta-analysis of tree line response to climate warming. Ecology Letters 12: 365 
1040-1049. 366 
Hofgaard, A. 1997a. Inter-relationships between treeline position, species diversity, land-use 367 
and climate change, in the central Scandes Mountains of Norway. Global Ecology and 368 
Biogeography Letters 6: 419-429. 369 
Hofgaard, A. 1997b. Structural changes in the forest-tundra ecotone: A dynamic process. In: 370 
Huntley, B., W. Cramer, A.V. Morgan, H.C. Prentice, and J.R.M. Allen (eds.). Past 371 
Hofgaard, Harper, Golubeva      30 May 2012 
15 
 
and future rapid environmental changes: the spatial and evolutionary responses of 372 
terrestrial biota. pp 255-263. NATO ASI Series, Vol. I 47. Springer Verlag. 373 
Hofgaard, A., and B. Wilmann. 2002. Plant distribution patterns across the forest-tundra 374 
ecotone. The importance of treeline position. Ecoscience 9: 375-385. 375 
Hofgaard, A., L. Dalen, and H. Hytteborn. 2009. Tree recruitment above the treeline and 376 
potential for climate-driven treeline change. Journal of Vegetation Science 20: 1133-377 
1144. 378 
Hofgaard, A., H. Tømmervik, W.G. Rees, and F. Hanssen. 2012. Latitudinal forest advance in 379 
northernmost Norway since the early 20th century. Journal of Biogeography in 380 
review. 381 
Holtmeier, F.K. 2003. Mountain timberlines: ecology, patchiness, and dynamics. Kluwer 382 
Academic Publishers, Dordrecht. 383 
Holtmeier, F.K., and G. Broll. 2005. Sensitivity and response of northern hemisphere 384 
altitudinal and polar treelines to environmental change at landscape and local scales. 385 
Global Ecology and Biogeography 14: 395-410. 386 
Holtmeier, F.K., and G. Broll. 2010. Wind as an ecological agent at treelines in North 387 
America, the Alps, and the European subarctic. Physical Geography 31: 203-233. 388 
Holtmeier, F.K., and G. Broll. 2011. Response of Scots Pine (Pinus sylvestris) to warming 389 
climate at its altitudinal limit in northernmost subarctic Finland. Arctic 64: 269-280. 390 
Humphries, H.C., P.S. Bourgeron, and L.R. Mujica-Crapanzano. 2007. Tree spatial patterns 391 
and environmental relationships in the forest-alpine tundra ecotone at Niwot Ridge, 392 
Colorado, USA. Ecological Research 23: 589-605. 393 
Hyvönen, R., G.I. Ågren, S. Linder, T. Persson, M.F. Cotrufo, A. Ekblad, M. Freeman, A. 394 
Grelle, I.A. Janssens, and P.G. Jarvis. 2007. The likely impact of elevated [CO2], 395 
nitrogen deposition, increased temperature and management on carbon sequestration 396 
in temperate and boreal forest ecosystems: a literature review. New Phytologist 173: 397 
463-480. 398 
IPCC. 2007. Climate change 2007. Synthesis report. Cambridge University Press. Geneva. 399 
pp. 104. 400 
Jepsen, J.U., S.B. Hagen, R.A. Ims, and N.G. Yoccoz. 2008. Climate change and outbreaks of 401 
the geometrids Operophtera brumata and Epirrita autumnata in sub-arctic birch 402 
forest: evidence of a recent outbreak range expansion. Journal of Animal Ecology 77: 403 
257-264. 404 
Hofgaard, Harper, Golubeva      30 May 2012 
16 
 
Kaplan, J.O., and M. New. 2006. Arctic climate change with a 2o C global warming: timing, 405 
climate patterns and vegetation change. Climatic Change 79: 213-241. 406 
Kernaghan, G., and K.A. Harper. 2001. Community structure of ectomycorrhizal fungi across 407 
an alpine/ subalpine ecotone. Ecography 24: 181-188. 408 
Killengreen, S.T., E. Strømseng, N.G. Yoccoz, and R.A. Ims. 2011. How ecological 409 
neighbourhoods influence the structure of the scavanger guild in low arctic tundra. 410 
Diversity and Distributions 18: 563-574. 411 
Kouki, J. 1999. Latitudinal gradients in species richness in northern areas: some exceptional 412 
pattern. Ecological Bulletins 47: 30-37. 413 
Kullman, L. 1986. Recent tree-limit history of Picea abies in the southern Swedish Scandes. 414 
Canadian Journal of Forest Research 16: 761-771. 415 
Kullman, L. 1998. Tree-limits and mountain forests in the Swedish Scandes: sensitive 416 
biomonitors of climate change and variability. Ambio 27: 312-321. 417 
Körner C. 1998. A reassessment of high elevation treeline positions and their explanation. 418 
Oecologia 115: 445-459. 419 
Lavoie, C., and S. Payette. 1992. Black spruce growth forms as a record of a changing winter 420 
environment at treeline, Québec, Canada. Arctic and Alpine Research 24: 40-49. 421 
Lloyd, A.H. 2005 Ecological histories from Alaskan tree lines provide insight into future 422 
change. Ecology 86: 1687-1695. 423 
McGuire, A.D., L.G. Anderson, T.R. Christensen, S. Dallimore, L.D. Guo, D.J. Hayes, M. 424 
Heimann, T.D. Lorenson, R.W. Macdonald, and N. Roulet. 2009. Sensitivity of the 425 
carbon cycle in the Arctic to climate change. Ecological Monographs 79: 523-555. 426 
Mathisen, I.E., and A. Hofgaard. 2011. Recent climate-tree growth relations at high latitudes 427 
and potential response to changed climate conditions. Plant Ecology and Diversity 4: 428 
1-11.  429 
Mathisen I.E., A. Mikheeva, O. Tutubalina, S. Aune., and A. Hofgaard A. 2012. 50 years of 430 
treeline change in Khibiny Mountains, Russia. 50 years of treeline change in the 431 
Khibiny Mountains, Russia. Advantages of a combined remote sensing and 432 
dendroecological approach. Applied Vegetation Science in review. 433 
Payette, S. 2007. Contrasted dynamics of northern Labrador tree lines caused by climate 434 
change and migrational lag. Ecology 88: 770-780. 435 
Payette, S., and A. Delwaide. 2003. Shift of conifer boreal forest to lichen-heath parkland 436 
caused by successive stand disturbances. Ecosystems 6: 540-50. 437 
Hofgaard, Harper, Golubeva      30 May 2012 
17 
 
Payette, S., M.J. Fortin, and I. Gamache. 2001. The subarctic forest-tundra: The structure of a 438 
biome in a changing climate. Bioscience 51: 709-718. 439 
Post, E., M.C. Forchhammer, M.S. Bret-Harte, T.V. Callaghan, T.R. Christensen, B. 440 
Elberling, A.D. Fox, et al. 2009. Ecological dynamics across the Arctic associated 441 
with recent climate change. Science 325: 1355-1358. 442 
Risser, P.G. 1993. Ecotones at local to regional scales from around the world. Ecological 443 
Applications 3: 367-368. 444 
Rohde, K. 1992. Latitudinal gradients in species diversity: the search for the primary cause. 445 
Oikos 65: 514-527. 446 
Schaefer, J.A., and F. Messier. 1995. Scale-dependent correlations of arctic vegetation and 447 
snow cover. Arctic and Alpine Research 27: 38-43. 448 
Shrestha, K.B., and O.R. Vetaas. 2009. The forest ecotone effect on species richness in an arid 449 
Trans-Himalayan landscape of Nepal. Folia Geobotanica 44: 247-262. 450 
Sirois, L. 2000. Spatiotemporal variation in black spruce cone and seed crops along a boreal 451 
forest - tree line transect. Canadian Journal of Forest Research 30: 900-909. 452 
Sveinbjörnsson, B., A. Hofgaard, and A. Lloyd. 2002. The natural causes of the taiga-tundra 453 
boundary. Ambio Special Report 12: 23-29. 454 
Swann, A.L., I.Y. Fung, S. Levis, G.B. Bonan, and S.C. Doney. 2010. Changes in Arctic 455 
vegetation amplify high-latitude warming through the greenhouse effect. Proceedings 456 
of the National Academy of Sciences of the United States of America 107: 1295-1300. 457 
Tape, K., M. Sturm, and C. Racine. 2006. The evidence for shrub expansion in Northern 458 
Alaska and the Pan-Arctic. Global Change Biology 12: 686-702. 459 
Tarnocai, C., J.G. Canadell, E.A.G. Schuur, P. Kuhry, G. Mazhitova, and S. Zimov. 2009. 460 
Soil organic carbon pools in the northern circumpolar permafrost region. Global 461 
Biogeochemical Cycles 23, doi:10.1029/2008GB003327. 462 
Tenow, O., and H. Bylund. 1989. A survey of winter cold in the mountain birch/Epirrita 463 
autumnata system. Memoranda Societatis pro Fauna et Flora Fennica 65: 67-72. 464 
Tremblay, G.D., and S. Boudreau. 2011. Black spruce regeneration at the treeline ecotone: 465 
synergistic impacts of climate change and caribou activity. Canadian Journal of 466 
Forest Research 41: 460-468. 467 
Trindade, M., T. Bell, and C. Laroque. 2011. Changing climatic sensitivities of two spruce 468 
species across a moisture gradient in northeastern Canada. Dendrochronologia 29: 25-469 
30. 470 
Hofgaard, Harper, Golubeva      30 May 2012 
18 
 
Van Bogaert, R., K. Haneca, J. Hoogesteger, C. Jonasson. M. De Papper, and T.V. Callaghan. 471 
2011. A century of treeline changes in sub-arctic Sweden shows local and regional 472 
variability and only minor influence of 20th century climate warming. Journal of 473 
Biogeography 38: 907-921. 474 
Vittoz, P., M. Camenisch, R. Mayor, L. Miserere, M. Vust, and J.-P. Theurillat. 2010. 475 
Subalpine-nival gradient of species richness for vascular plants, bryophytes and 476 
lichens in the Swiss Inner Alps. Botanica Helvetica 120: 139-149. 477 
Vlassova, T.K. 2002. Human impacts on the tundra-taiga zone dynamics: the case of the 478 
Russian lesotundra. Ambio Special Report 12: 30-36. 479 
Walker, S., W.J. Bastow, J.B. Steel, G.L. Rapson, B. Smith, W.M. King, and Y.H. Cottam. 480 
2003. Properties of ecotones: Evidence from five ecotones objectively determined 481 
from a coastal vegetation gradient. Journal of Vegetation Science 14: 579-90. 482 
Walker X., G.H.R. Henry, K. McLeod, and A. Hofgaard. 2012. Reproduction and seedling 483 
establishment of Picea glauca across the northernmost forest-tundra region in. Global 484 
Change Biology in press. 485 
Weckström, J., and A. Korhola. 2001. Patterns in the distribution, composition and diversity 486 
of diatom assemblages in relation to ecoclimatic factors in Arctic Lapland. Journal of 487 
Biogeography 28: 31-45. 488 
Weisberg, P.J., and W.L. Baker. 1995. Spatial variation in tree seedling and krummholz 489 
growth in the forest-tundra ecotone of rocky-mountain national-park, Colorado, USA. 490 
Arctic and Alpine Research 27: 116-129. 491 
Young, K.R. 1993. Woody and scandent plants on the edges of an Andean timberline. Journal 492 
of the Torrey Botanical Society 120: 1-18. 493 
  494 





Figure 1. Main impact factors and ecological processes driving the forest-tundra ecotone 497 
(FTE) structural diversity. Impact of life history processes (in italic) is shown by open arrows, 498 
and filled arrows illustrate the impact of abiotic and biotic environmental factors on these 499 
processes. The effectual role of individual processes and factors is highly variable through 500 
time and space (shaded arrows). Some of the text in the figure is adapted from Holtmeier and 501 
Broll (2005). 502 
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Figure 2. Distribution of PPS Arctic sites. Each dot represents one to several sub-sites (e.g. 505 
across latitude, longitude, altitude and aspect). The upper left photo signify northern 506 
Mackenzie region, Canada (X. Walker); lower left Mealy Mountains, southern Labrador, 507 
Canada (B. Starzomski); upper right Taymyr, Russia (N. Kolupanov) and lower right southern 508 
Troms, Norway (S. Aune). 509 
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